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SUMMARY 

P r e f l i g h t  t he rma l  stress a n a l y s i s  of t h e  space  s h u t t l e  orbiter wing s k i n  panel 
and t h e  thermal  p r o t e c t i o n  system (TPS) w a s  performed. The hea ted  s k i n  p a n e l  ana- 
lyzed  w a s  r e c t a n g u l a r  i n  shape and conta ined  a s m a l l  square c o o l  region a t  its 
c e n t e r .  The wing s k i n  immediately ou t s ide  t h e  cool r e g i o n  w a s  found to  be close 
t o  t h e  s t a t e  of e las t ic  i n s t a b i l i t y  i n  the chordwise d i r e c t i o n  based on t h e  con- 
s e r v a t i v e  t empera tu re  d i s t r i b u t i o n .  The wing s k i n  w a s  found to  be q u i t e  stable 
i n  t h e  spanwise d i r e c t i o n .  The p o t e n t i a l  wing s k i n  the rma l  i n s t a b i l i t y  w a s  n o t  . s e v e r e  enough t o  tear a p a r t  t h e  s t r a i n  i s o l a t i o n  pad ( S I P )  l a y e r .  

A l s o ,  t h e  p r e f l i g h t  thermal  stress a n a l y s i s  w a s  performed on t h e  TPS t i l e  under  . t h e  most s e v e r e  tempera ture  g r a d i e n t  dur ing  t h e  s imula t ed  r e e n t r y  h e a t i n g .  The 
t e n s i l e  thermal  stress induced i n  t h e  TPS t i l e  w a s  found to  be much lower than  t h e  
t e n s i l e  s t r e n g t h  of t h e  TPS material. The the rma l  bending of t h e  TPS t i l e  w a s  n o t  
s e v e r e  enough to  cause  t e a r i n g  of t h e  SIP l a y e r .  

INTRODUCTION 

The space  s h u t t l e  o r b i t e r  r e e n t e r s  the e a r t h ' s  a tmosphere a t  ex t r eme ly  h igh  
v e l o c i t y  ( a l m o s t  Mach 25 a t  t h e  r e e n t r y  a l t i t u d e  of  400,000 f t ) .  Because of severe 
r e e n t r y  aerodynamic h e a t i n g  encountered  by t h e  s h u t t l e  o rb i te r ,  t h e  e n t i r e  s h u t t l e  
s t r u c t u r e  is covered wi th  a thermal  p r o t e c t i o n  system (TPS). 

T h r e e  types  of TPS a r e  used t o  p r o t e c t  t h e  orbiter:  ( 1 )  f e l t  reusable s u r f a c e  
i n s u l a t i o n  (FRSI ) ,  ( 2 )  low-temperature r eusab le  s u r f a c e  i n s u l a t i o n  (LRSI) ,  and ( 3 )  
hiqh- tempera ture  r e u s a b l e  s u r f a c e  i n s u l a t i o n  ( H R S I ) .  The F R S I  is  a h i g h l y  f l e x i b l e  
b l a n k e t - t y p e  l a y e r  of h e a t  s h i e l d ,  which is bonded t o  t h e  low-heating zones of t h e  
o r b i t e r  ( f o r  example, t h e  wing upper surface and t h e  o u t e r  s u r f a c e  of  t h e  payload 
bay  door) wi th  room-temperature vulcanized (RTV) rubber .  The LRSI  ( w h i t e  t i l e s )  and 
H R S I  ( b l a c k  t i l e s )  are  t h e  low-densi ty  porous s i l i ca  t i l es .  Each t i l e ,  which h a s  an  
ave raqe  s i z e  of 6 i n  by 6 i n ,  i s  i n d i v i d u a l l y  bonded wi th  RTV rubber  t o  t h e  o r b i t e r  
s t r u c t u r e  w i t h  a s t r a i n  i s o l a t i o n  pad (S IP)  l a y e r  sandwiched i n  between. The SIP  
l a y e r  i s  h i g h l y  f l e x i b l e  and s e r v e s  as a cush ion  to  abso rb  t h e  thermal  s t r a i n  
i n c o m p a t i b i l i t y  between t h e  TPS t i l e s  and t h e  aluminum s k i n s .  The LRSI i s  used 
i n  t h e  medium h e a t i n g  zones,  such as the upper  r e g i o n  o f  t h e  g love  and t h e  wing 
upper s u r f a c e  nea r  t h e  l e a d i n g  edges.  The HRSI i s  used i n  t h e  h i g h l y  hea ted  areas,  
such  as  t h e  lower surfaces of t h e  wings and f u s e l a g e .  Some of t h e  gaps between t h e  
TPS t i l e s  i n  t h e  h i g h l y  hea ted  a r e a s  a r e  f i l l e d  wi th  ceramic-coated alumina mats 
( g a p  f i l l e r s )  t o  p reven t  h o t  gases  from coming i n  c o n t a c t  w i th  t h e  s u b s t r u c t u r e  a t  
t h e  bottom of t h e  gaps.  

@ 

Before t h e  f i r s t  space  t r a n s p o r t a t i o n  system (STS) f l i g h t  of t h e  space s h u t t l e  
o r b i t e r  Columbia, all p o s s i b l e  c r i t i ca l  s t r u c t u r a l  problems induced by t h e  r e e n t r y  
h e a t i n g  had  t o  be i n v e s t i q a t e d .  One concern w a s  t h e  p o s s i b l e  thermal  buck l ing  of 
t h e  o r b i t e r  s k i n  pane l s .  Although the S I P  l a y e r  is  des iqned  t o  a b s o r b  t h e  p o s s i b l e  
s k i n  buck l ing  e f f e c t  on t h e  TPS t i l e s ,  i n  case t h e  s k i n  buck l ing  i s  t o o  s e v e r e ,  
t h e  TPS t i l e s  might debond from t h e  s k i n ,  c a u s i n g  a p a r t i a l  o r  t o t a l  loss of t h e  
TPS f i inc t i o n .  
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Another concern  b e f o r e  t h e  STS f l i g h t s  w a s  t h e  possible loss of the  TPS t i l e s  
d u r i n q  t h e  f o r c e d  convec t ive  c o o l i n g  period a f te r  t h e  end of  t h e  r e e n t r y  h e a t i n g  
when  t h e  s t r u c t u r a l  t empera tures  have reached  t h e i r  peak v a l u e s .  A t  this t i m e ,  if 
some TPS t i l e s  should d e t a c h  from t h e  s k i n  and c a u s e  t h e  s k i n  t o  be exposed to  t h e  
o u t s i d e  cool a i r ,  t h e  thermal  g r a d i e n t  b u i l d u p  i n  t h e  s k i n  might  cause  an e l a s t i c  
i n s t a b i l i t y  i n  t h i s  r e g i o n  and cause  more TPS t i l e s  t o  d e t a c h  from t h e  s k i n .  

Another key concern was t h e  e f f e c t  of  TPS thermal  deformat ion  on t h e  SIP  l a y e r .  
During t h e  r e e n t r y  when t h e  TPS i s  under the most severe thermal  g r a d i e n t ,  t h e  
r e s u l t i n g  TPS thermal  deformat ion  might p u l l  t h e  SIP l a y e r  apar t  and cause debond- 
i n g  of t h e  TPS. 

The  purpose of  t h i s  report  i s  to  perform t h e  a n a l y s i s  on t h e s e  p o t e n t i a l  problems 
and to  draw some p r e l i m i n a r y  c o n c l u s i o n s  on t h e  s e v e r i t y  of  t h e i r  e f f e c t s .  

NOMENCLATURE 
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NASTRAN q u a d r i l a t e r a l  membrane and bending e lement  

one-half of TPS t h i c k n e s s ,  i n  

E a t 3  
f l e x u r a l  r i g i d i t y  of  aluminum p la te ,  , i n - l b  

e l l i p t i c  f u n c t i o n  of  t h e  second k ind  

modulus of e l a s t i c i t y  -of aluminum material, l b / i n 2  

modulus of e l a s t i c i t y  of S I P ,  l b / i n 2  

modulus of e l a s t i c i t y  of TPS, l b / i n 2  

f e l t  reusable s u r f a c e  i n s u l a t i o n  

high-temperature  r e u s a b l e  s u r f a c e  i n s u l a t i o n  

peak d e f l e c t i o n  a t  center o f ' r e c t a n g u l a r  p a n e l ,  i n  

modulus of e l l i p t i c  f u n c t i o n  

one-half of  TPS l e n g t h  (o r  w i d t h ) ,  i n  

low-temperature r e u s a b l e  s u r f a c e  i n s u l a t i o n  

width o f  r e c t a n g u l a r  p a n e l  , i n  

bending moment induced by thermal  stresses i n  TPS, i n - l b  

number of buckled half-waves i n  x - d i r e c t i o n  
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p a n e l  compressive load, l b / i n  

number of buckled half-waves i n  y - d i r e c t i o n  

l e n g t h  of r e c t a n g u l a r  panel ,  i n  

deformed l e n g t h  of  p, i n  

room-temperature vulcanized ( r u b b e r )  

s t r a i n  i s o l a t i o n  pad 

space t r a n s p o r t a t i o n  system 

tempera ture ,  O F  

average  tempera ture  across  TPS t h i c k n e s s ,  O F  

thermal  p r o t e c t i o n  system 

t h i c k n e s s  of  aluminum sk in  p a n e l ,  i n  

t h i c k n e s s  of SIP l a y e r ,  i n  

l a t e r a l  d e f l e c t i o n  of  r e c t a n g u l a r  p la te  e lement  

r e c t a n g u l a r  C a r t e s i a n  c o o r d i n a t e s  

chordwise s t a t i o n  

spanwise s t a t i o n  

c o e f f i c i e n t  of  thermal  expansion of TPS, in/in-OF 

s t r a i n  i n  x - d i r e c t i o n ,  i n / i n  

s t r a i n  i n  SIP t h i c k n e s s  d i r e c t i o n ,  i n / i n  

P o i s s o n ' s  r a t i o  of aluminum material 

P o i s s o n ' s  r a t i o  o f  TPS m a t e r i a l  

magnitude of peak compressive stress i n  SIP t h i c k n e s s  d i r e c t i o n  
induced by TPS deformation,  l b / i n 2  

t e n s i l e  s t r e n g t h  of TPS, l b / i n 2  

maximum stress i n  SIP th ickness  d i r e c t i o n  induced by aluminum s k i n  

b u c k l i n g ,  l b / i n 2  
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peak t e n s i l e  stress i n  SIP t h i c k n e s s  d i r e c t i o n  induced  by TPS de fo r -  
mation, l b / i n 2  

s t r e s s e s  i n  x- and y - d i r e c t i o n s ,  r e s p e c t i v e l y ,  i n  aluminum pane l  o r  
i n  TPS, l b / i n 2  

stress i n  SIP t h i c k n e s s  d i r e c t i o n  induced by TPS deformat ion  , l b / i n 2  

DESCRIPTION O F  WING SKIN PANEL 

1 shows t h e  l o c a t i o n  of t h e  space  s h u t t l e  o r b i t e r  l e f t  wing lower s k i n  
p a n e l  t h a t  w a s  i n v e s t i g a t e d .  The r e c t a n g u l a r  s k i n  p a n e l  is  bounded by s t a t i o n s  
~ ~ 1 2 4 9  and xo1307 i n  t h e  chordwise d i r e c t i o n ,  and by s t a t i o n s  yo-226 and yo-254 
i n  t h e  spanwise d i r e c t i o n .  The r e i n f o r c i n g  h a t  s t r i n g e r s  are o r i e n t e d  iv t h e  
spanwise d i r e c t i o n .  Figure 2 shows an en la rged  view of t h e  r e c t a n g u l a r  pane l .  
Cons ider  t h a t  t he  pane l  has  been hea ted  up t o  a peak t empera tu re  of 320°F ( t h e  
e s t i m a t e d  wors t  cdse of h e a t i n g )  nea r  t h e  end of  r e e n t r y .  Suppose one TPS t i l e  
( 6  i n  by  6 i n )  l oca t ed  i n  t h e  c e n t e r  r eg ion  of t h e  p a n e l  i s  l o s t  a f t e r  t h e  simu- 
l a t e d  r e e n t r y  hea t ing  and causes  t h e  wing s k i n  i n  t h e  c e n t r a l  region of  t h e  6-in 
by 6-in a r e a  to  be cooled  down t o  some lower t empera tu re ,  s a y ,  180°F, by t h e  out -  
s i d e  c o o l  a i r .  The r e s u l t i n g  thermal  g r a d i e n t  b u i l d u p  might  induce  thermal  buck- 
l i n q  i n  t h e  pe r iphe ry  of t h e  cooled  r eg ion  ( f i g .  2 ) .  The problem i s  t o  calculate 
t h e  induced thermai  stresses i n  t h e  pane l ,  t o  estimate t h e  deg ree  of s e v e r i t y  of 
t h e  p o s s i b l e  thermal buck l ing ,  and to  explore i f  t h e  s k i n  buck l ing  w i l l  cause  t h e  
TPS t i l e s  a d j a c e n t  to  t h e  cooled  r eg ion  t o  debond from t h e  wing s k i n .  

THERMAL STRESS ANALYSIS 

A NASA s t r u c t u r a l  a n a l y s i s  (NASTRAN) f i n i t e - e l e m e n t  computer program ( r e f s .  1 
and 2 )  w a s  used i n  the thermal stress a n a l y s i s  of the o r b i t e r  wing s k i n  pane l .  I n  
s e t t i n g  up t h e  NASTRAN s t r u c t u r a l  model ( f i g .  31, t h e  h a t - s t r i n g e r  r e i n f o r c e d  s k i n  
p a n e l  w a s  rep laced  w i t h  an e q u i v a l e n t  pane l  of uniform e f f e c t i v e  t h i c k n e s s .  The 
model has  117 g r i d  p o i n t s  and 96 q u a d r i l a t e r a l  membrane and bending e lements  
( C Q U A D Z ,  refs. 1 and 2) .  The c o o l  and h o t  r e g i o n s  were main ta ined  a t  c o n s t a n t  
t empera tu res  of  180°F and 320°F, r e s p e c t i v e l y .  The boundary c o n d i t i o n s  used w e r e  
( 1 )  f ree  edges and ( 2 )  f i x e d  edges.  

F iqu re  4 shows d i s t r i b u t i o n s  of thermal  stress ay(x) a l o n g  t h e  y-axis  p r e d i c t e d  

from the  NASTRAN. The so l id  s tepped  curve  i s  f o r  t h e  free edges ;  t h e  dashed s t epped  
cu rve  i s  for t h e  fixed edges.  The peak compressive stress nea r  t h e  boundary of t h e  

4 



cool reqion f o r  t h e  case of free edges i s  u y ( x )  = 5140 l b / i n 2 .  
under c o n s i d e r a b l e  t e n s i o n .  I f  t h e  IJASTRAN e l e m e n t s  were r e f i n e d ,  t h e  v a l u e  of t h e  
peak compressive stress might become l a r g e r .  F i g u r e  5 shows t h e  d i s t r i b u t i o n s  of 
thermal  stress Ux(y) a l o n g  t h e  y-axis  c a l c u l a t e d  from t h e  NASTRAN. The s t e p p e d  
s o l i d  and clashed c u r v e s  are f o r  t h e  f r e e  and t h e  f i x e d  e d g e s ,  r e s p e c t i v e l y .  For 
t h e  free-edqe c o n d i t i o n ,  t h e  NASTRAN g i v e s  u x ( y )  = 4960 l b / i n 2  f o r  t h e  peak com- 
p r e s s i v e  stress n e a r  t h e  boundary of the  cool r e g i o n .  Again,  r e f i n e m e n t  of t h e  
? m S T R A t i  e l e m e n t s  may increase t h e  value of  t h e  peak compressive stress. 

The cool r e g i o n  i s  

BUCKLING ANALYSIS 

A f t e r  the  peak v a l u e s v o f  t h e  compressive stresses n e a r  t h e  boundary of t h e  cool 
r e g i o n  are known, t h e  n e x t  problem t o  c o n s i d e r  is  t h e  possible b u c k l i n g  of t h e  s k i n  
p a n e l  e lement  immediately o u t s i d e  the cool r e g i o n .  

Consider  a small r e c t a n g u l a r  s k i n  element  1 ( f i g .  6 )  of l e n g t h  p and wid th  A, 
l o c a t e d  between t h e  t w o  a d j a c e n t  h a t  s t r i n g e r s  and i n  t h e  h i g h l y  compressed r e g i o n  
( t h e  immediate e x t e r i o r  of t h e  cool reg ion) .  For s i m p l i c i t y ,  t h e  deformed shape of 
t h e  r e c t a n g u l a r  e lement  may be assumed to  be 

'IIY w = h s i n  s i n  
P 

where w i s  t h e  d e f l e c t i o n  of t h e  r e c t a n g u l a r  p la te  e lement  and h is i t s  peak v a l u e  
a t  t h e  c e n t e r  of t h e  r e c t a n g u l a r  plate element .  Based on t h i s  deformed shape ,  t h e  
h u c k l i n q  load  (Nx)cr  for  a s imply  supported r e c t a n g u l a r  p l a t e  u n i f o r m l y  compressed 
i n  t h e  x - d i r e c t i o n  may be expressed  as ( t a k i n g  m = n = 1 ,  ref. 3 )  

where m and n are t h e  numbers 
t i v e l y ,  and D i s  g i v e n  by 

of half-waves i n  t h e  x- and y - d i r e c t i o n s ,  respec- 

where Ea  i s  t h e  modulus of e l a s t i c i t y  of t h e  aluminum material and t i s  the  t h i c k -  
n e s s  of t h e  element .  Combining e q u a t i o n s  ( 2 )  and (31 ,  t h e  b u c k l i n q  stress (UxIcr  
may be e x p r e s s e d  as 

I D  

I 

where V a  i s  P o i s s o n ' s  r a t i o  of  t h e  aluminum material. 

5 



For the s h u t t l e  s k i n ,  t = 0,062 i n  and p = 1.75 i n .  Taking E, = 10 x 106 l h / i n 2 ,  
V a  = 0.33, and 2 = 2 i n ,  e q u a t i o n  ( 4 )  y i e l d s  

T h i s  va lue  l ies  between t h e  t w o  peak compressive stresses ux = 2650 l b / i n 2  for  the  

f ixed-edqe c o n d i t i o n  and Ux = 4960 l b / i n 2  f o r  the  f ree-edge  c o n d i t i o n  ( f i g .  5 ) .  
t h e  a c t u a l  edge c o n d i t i o n  i s  c l o s e  t o  t h e  free-edge c o n d i t i o n ,  t h e n  the  s k i n  p a n e l  
immediately o u t s i d e  t h e  cool r e g i o n  i s  close t o  a n  e las t ic  i n s t a b i l i t y  i n  t h e  
x - d i r e c t i o n .  

If 

Next ,  c o n s i d e r  t h e  second r e c t a n g u l a r  s k i n  e lement  2 ( f i g .  61, l o c a t e d  between 
t h e  two adjacent h a t  s t r i n g e r s  n e x t  t o  t h e  boundary of t h e  cool r e g i o n .  For t h i s  
case ,  t h e  l e n g t h  of t h e  p l a t e  is 6 i n  and t h e  width is  1.75 i n .  Using e q u a t i o n  (41 
and r e p l a c i n g  ( u ~ ) ~ ~ ,  p, and 2 ,  r e s p e c t i v e l y ,  w i t h  (Uy)cr ,  6 i n ,  and 1.75 i n ,  t h e n  
( U y ) c r  may be c a l c u l a t e d  as 

( a y ) c r  = 169,340 l b / i n 2  16)  

T h i s  va lue  is many times g r e a t e r  than  t h e  peak compressive stress uy  p r e d i c t e d  from 

t h e  PJASTRAN ( f i g .  4) and i n d i c a t e s  t h a t  no b u c k l i n g  w i l l  o c c u r  i n  t h e  d i r e c t i o n  of 
t h e  h a t  s t r ingers .  

D e f l e c t i o n  Curve 

As shown above, t he  wing s k i n  n e a r  t h e  boundary of t h e  cool r e g i o n  could  buckle  
i n  the  x - d i r e c t i o n  (chordwise d i r e c t i o n ) .  The n e x t  problem i s  t o  c a l c u l a t e  t h e  
p a n e l  peak d e f l e c t i o n  h ( f i g .  6 )  and t o  de termine  i f  h w i l l  c a u s e  debonding between 
t h e  TPS t i l e  and t h e  S I P  l a y e r .  

Rased on e q u a t i o n  (11 ,  t h e  d e f l e c t i o n  c u r v e  of  t h e  r e c t a n g u l a r  s k i n  e lement  i n  
a. 
2 t h e  y = - p l a n e  may be w r i t t e n  as ( f i g .  6 )  

( 7  1 fX w = h s i n  - 
P 

From e q u a t i o n  (71 ,  t h e  s l o p e  of t h e  d e f l e c t i o n  c u r v e  i s  g i v e n  by 

1 X  
rh  c o s  - d w  - = -  

d x  P P 

The  s m a l l  e lement  of t h e  curve  l e n g t h  dp a l o n g  the  above d e f l e c t i o n  c u r v e  may 
be expressed  as 

dp = d- dx 

6 

( 8 )  

( 9 )  



. 

r -omhininq  e q u a t i o n s  ( 8 )  and (91, t h e  t o t a l  c u r v e  l e n g t h  of t h e  d e f l e c t i o n  c u r v e  
may be expressed  as 

which may be expressed  i n  terms of an e l l i p t i c  f u n c t i o n  as (see appendix)  

( 1 1  1 

where  E(k, 3) is  t h e  complete e l l i p t i c  i n t e g r a l  of t h e  second k i n d ,  and k i s  t h e  

modulus of t h e  e l l i p t i c  f u n c t i o n  g iven  by 

1 k :  

+(%)’ 
A S  h < <  p,  t h e  i n t e g r a n d  of  e q u a t i o n  (10) may be expanded and i n t e g r a t e d  as 
(see appendix)  

- E =  1 ++) 1 rrh 2 + ... 
P 

f rom which h may be e x p r e s s e d  as 

h 2  
p n 
-*, 

or 

( 1 2 )  

(13) 

( 1 4 )  

Taking p 5: 1.75 i n ,  E, = 10 x 106 l b / i n 2 ,  and ax - 4960 l b / i n 2  ( t h e  peak com- 

p r e s s i v e  stresses p r e d i c t e d  from NASTRAN f o r  f r e e  e d g e s ,  shown i n  f i g u r e  3 1 ,  t h e  
v a l u e  of h may be c a l c u l a t e d  from equat ion  ( 1 5 )  8 t o  y i e l d  

h = 0.0248 i n  
1 

Stress Induced i n  SIP 

(16) 

A f t e r  t h e  deformat ion  of t h e  s k i n  panel  is  known, t h e  n e x t  problem t o  c o n s i d e r  
is whether t h e  above s k i n  deformat ion  h c o u l d  overstress t h e  SIP l a y e r .  The t h i c k -  

7 



ness  ts of t h e  SIP  l aye r  i s  0.16 i n .  Thus, t h e  maximum s t r a i n  i n  t h e  S I P  th i ck -  
nes s  d i r e c t i o n  induced by t h e  s k i n  buckl ing  is  

F igure  7 shows the  tempera ture  d i s t r i b u t i o n  a c r o s s  t h e  t h i c k n e s s  of a TPS t i l e  
a t  450 sec a f t e r  s imulated r e e n t r y ,  when t h e  tempera ture  g r a d i e n t  r eaches  t h e  
maximum value.  The temperature curve  shown i n  f i g u r e  7 w a s  ob ta ined  from a one- 
d imens iona l  h e a t - t r a n s f e r  a n a l y s i s  u s ing  s imula ted  aerodynamic h e a t i n g  f o r  t h e  STS-1 
f l i g h t  t r a j e c t o r y  (refs. 5 to  8) .  This  tempera ture  d i s t r i b u t i o n  w i l l  cause  t h e  TPS 
t o  deform and induce  a stress d i s t r i b u t i o n  i n  t h e  t h i c k n e s s  d i r e c t i o n  of t h e  SIP, 
as shown i n  f i g u r e  8. Assuming t h a t  t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  TPS is 
a f u n c t i o n  of z o n l y  ( f i g .  7 )  and n e g l e c t i n g  t h e  l o w  s h e a r  r e s i s t a n c e  of  SIP, t h e  
thermal  stresses i n  the TPS i n  t h e  x- and y - d i r e c t i o n s ,  ux and uy, may be w r i t t e n  as 

' 

0*0248 = 0.1550 i n / i n  h 
E S  = - =  

ts  0.16 ( 1 7 )  

From r e f e r e n c e  4, t h e  modulus of e l a s t i c i t y  Fs f o r  t h e  SIP material i s  E, *: 

1 1 7  l b / in2 .  Therefore ,  t h e  induced stress us i n  t h e  SIP t h i c k n e s s  d i r e c t i o n  is  

us = E,€, = 117 X 0.1550 = 18.14 l b / i n 2  (18 )  

This  va lue  is  cons ide rab ly  l o w e r  t han  40 l b / i n 2 ,  t h e  t e n s i l e  s t r e n g t h  of t h e  SIP 
mater ia l  (ref, 4 ) :  It i s  therefore u n l i k e l y  t h a t  t h e  s k i n  buckl ing  w i l l  cause  
t e a r i n g  of t h e  SIP  layer .  The n e x t  problem t h a t  must be cons idered  is t h e  thermal  
i n t e r a c t i o n  between the TPS and the S I P  l a y e r .  

THERMAL INTERACTION BETWEEN TPS AND SIP  

where  a i s  the  c o e f f i c i e n t  of thermal  expansion of t h e  TPS material, i s  t h e  

modulus of e l a s t i c i t y  of t h e  TPS, U T  i s  Po i s son ' s  r a t i o  of  t h e  TPS, t h e  q u a n t i t y  
T I 

. 
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, " 

d i r e c t i o n s ,  T(z) is t h e  tempera ture  a t  any p o i n t  z i n  t h e  TPS t i l e ,  and T, is  t h e  
average  TPS temperature across i t s  th ickness  ( f i g .  8 )  and is  g iven  by 

where 2c is  t h e  t h i c k n e s s  of the TPS t i le .  

The tempera ture  curve shown i n  f i g u r e  7 may be r e p r e s e n t e d  by t h e  fo l lowing  
q u a d r a t i c  f u n c t i o n  of z :  

where t h e  c o e f f i c i e n t s  a l r  a2r and a3  are g iven  by a1 = 609.580F/in2, a2  = 946OF/in 
and a 3  = 446.42OF. 

Based on t h e  tempera ture  p r o f i l e  given i n  e q u a t i o n  (211, e q u a t i o n  ( 2 0 )  may be 
i n t e g r a t e d  as 

S u b s t i t u t i o n  of e q u a t i o n s  ( 2 1  1 and (22) i n t o  e q u a t i o n  ( 1 9 )  y i e l d s  

The maximum t e n s i l e  stress is located a t  t h e  l o w e r  s u r f a c e  of  t h e  TPS t i l e  and is 
g iven  by s e t t i n g  z = -c i n  equa t ion  ( 2 3 ) ;  hence, 

For t h e  TPS wi th  a 9 - lb / f t3  weight d e n s i t y ,  t h e  p h y s i c a l  p r o p e r t i e s  and dimen- 
sions ( r e f .  7 )  are as fo l lows :  t h e  modulus of e l a s t i c i t y  ET = 2.5 x 104 l b / i n 2 ,  

-7 P o i s s o n ' s  r a t i o  UT = 0.16f t h e  c o e f f i c i e n t  of t he rma l  expansion aT = 3.3684 x 10 

in/in-OF, t h e  t e n s i l e  s t r e n g t h  of = 21 1b / in2 ,  t h e  t h i c k n e s s  2c = 2.54 i n ,  and t h e  
l e n g t h  2L = 6 i n .  Using t h e s e  d a t a  and t h e  values  g iven  p r e v i o u s l y  f o r  a1 and a2 ,  
e q u a t i o n  ( 2 4 )  g ives  t h e  maximum tensile stress i n  t h e  TPS as 

I -  
ox(-c)  = oy(-c)  = 4.02 l b / i n 2  ( 2 5 )  

T h i s  v a l u e  is  on ly  19 p e r c e n t  of t h e  TPS t e n s i l e  s t r e n g t h  af = 21 lb / in2 .  
t h e  TPS thermal  deformat ion  w i l l  n o t  induce t e n s i l e  f a i l u r e  a t  i t s  l o w e r  s u r f a c e .  

Thus, 
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I Stresses Induced i n  SIP 

~ 

The bending moment MT induced by t h e  thermal  stress a x ( z )  i n  t h e  TPS is given by 

C 

a , (z )z  dz 
MT = I_, 

S u b s t i t u t i n g  e q u a t i o n  (23) i n t o  e q u a t i o n  ( 2 4 )  and i n t e g r a t i n g  r e s u l t s  i n  

( 2 6 )  

Th i s  moment MT must be balanced by the  r e s i s t i n g  moment gene ra t ed  "u'y the m n w i f o r m  
d i s t r i b u t i o n  of t h e  normal stress uZ i n  t h e  S I P  t h i c k n e s s  d i r e c t i o n  ( f ig .  8). The 
c e n t e r  r e g i o n  of t h e  S I P  w i l l  be under t e n s i o n ,  and the r e g i o n s  n e a r  the edge of t h e  
S I P  w i l l  be under compression because t h e  TPS w i l l  bow upward under r e e n t r y  hea t ing .  

L e t  Uz be  expressed  as a q u a d r a t i c  f u n c t i o n  of x: 

a z ( x )  = b1x2 + b2x + b3 

From f i g u r e  8, t h e  c o e f f i c i e n t s  b l ,  b2, and b3 can be de termined  as 

( 2 8 )  

b 2  = 0 (30) 

b3  = a t  ( 3 1  

where U t  and uc are, r e s p e c t i v e l y ,  the magnitudes of t h e  peak t e n s i l e  stress and 
t h e  peak compressive stress i n  t h e  SIP t h i c k n e s s  d i r e c t i o n .  
t i o n s  ( 2 9 )  to  (31 ) i n t o  e q u a t i o n  ( 2 8 )  y i e l d s  

S u b s t i t u t i n g  equa- 

The two stresses U t  and uc may now be determined from t h e  ba l ance  of f o r c e s  and 
t h e  ba l ance  of moments. For t h e  ba l ance  of f o r c e s ,  

For t h e  ba l ance  of  moments, 

10 
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From e q u a t i o n s  ( 3 2 )  to  ( 3 4 ) ,  a t  and oc may be expressed as 

S u b s t i t u t i n g  e q u a t i o n  ( 2 7 )  i n t o  equat ion  ( 3 5 )  y i e l d s  

. 
Ilsinq t h e  p r e v i o u s l y  given known d a t a ,  equat ion  ( 3 7 )  y i e l d s  

a t  = 15.58 l b / i n 2  (38) 

I 

r f  t h e  aluminum s k i n  deforms i n  t h e  o p p o s i t e  d i r e c t i o n  of t h e  TPS ( w o r s t  case), 
t h e n  t h e  t o t a l  t e n s i l e  stress induced i n  t h e  SIP w i l l  be 

us + a t  = 18.14 t 15.58 = 33.72 l b / i n 2  ( 3 9 )  

T h i s  va lue  i s  85 p e r c e n t  o f  t h e  SIP  t e n s i l e  s t r e n g t h ,  40 l b / i n 2  (ref.  7 ) .  Thus, it 
i s  u n l i k e l y  t h a t  t h e  combined deformations of t h e  aluminum s k i n  p a n e l  and TPS w i l l  
t e a r  t h e  S I P  l a y e r .  

CONCLUSIONS 

r’refl icjht  thermal  stress a n a l y s i s  was performed on a h e a t e d  space s h u t t l e  wing 
r e c t a n q u l a r  s k i n  pane l  c o n t a i n i n g  a square cool r e g i o n  a t  i t s  center. The a n a l y s i s  
showed t h a t  hased on a conservative temperature  d i s t r i b u t i o n ,  t h e  wing s k i n  i m m e -  
diately oiitside t h e  cool r e g i o n  was c l o s e  to  an e las t ic  i n s t a b i l i t y  i n  t h e  direc- 
t i o n  t r a n s v e r s e  to  t h e  h a t  s t r i n g e r s .  However, t h e  wing s k i n  thermal  deformation 
was f o u n d  not t o  be s e v e r e  enough to  cause t e a r i n g  of  t h e  s t r a i n  i s o l a t i o n  pad 
(SIP) layer. 

f i  pref l i q h t  thermal  stress a n a l y s i s  was also conducted on t h e  thermal  pro tec-  
t i o n  sys tem (TPS)  t i l e  s u b j e c t e d  t o  t h e  m o s t  s e v e r e  s i m u l a t e d  r e e n t r y  hea t ing .  
R a s d  o n  this a n a l y s i s ,  t h e  thermal  s t r e s s  qenera ted  i n  t h e  TPS t i l e  w i l l  n o t  
cause  i t  t o  f a i l  i n  t e n s i o n ,  and t h e  combined thermal  deformat ion  of t h e  wing s k i n  
and t h e  T P S  t i l e  i s  u n l i k e l y  t o  cause  t e a r i n g  apart  of t h e  S I P  l a y e r .  

I 
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APPENDIX - INTEGRATION OF EQUATION (10)  

Rewriting equation ( 10 1 

The in tegrat ion  of t h i s  equation may be carr ied  out  as follows. L e t  

IlX 

P 
I$ = -  

c 

(41 1 
* 

Then, equation ( 4 0 )  becomes 

or  

where E(., ;) is  the  complete e l l i p t i c a l  i n t e g r a l  of the  second kind g iven by 

=/2 

E(k, ;) = I, dl - k2 s i n  9 dQ 

and k i s  defined as 

.I 

k =  I 

Equation ( 4 5 )  is  the equation ( 1  1 ) . 

1 2  



. 

Since h << P, the integrand of equation ( 4 0 )  may be expanded to give 

P 

Ils inq equation (41 ) ,  equation ( 4 8 )  may be w r i t t e n  as 

c o s 2  $ + ...] d$ 

= E [$ + ~ ( 5 7  (+ + z  1 s i n 2  
ll 2 P  

TI 

or 

( 4 8 )  

which is  equation ( 1 3 ) .  
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t e n s i l e  s t r e n g t h  o f  t h e  TPS material. The t h e r m a l  bending  of  t h e  TPS t i l e  was n o t  
S e v e r e  enough t o  c a u s e  t e a r i n g  of  t h e  SIP  l a y e r .  
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